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Moltenmetals and their vaporshave foundan increasing applica-
tion asworkingbodies andheat-transfermedia in varioushigh-tem-
perature power installations [1]. Processes occurring at evaporation
of metals are of interest for vacuummetallurgy applications (alloy-
ing, puriﬁcation of metals) [2] and nuclear power engineering
(puriﬁcation of heat-transfer liquid metals by distillation) [3].
The lead–bismuth alloy is a perspective heat-transfer medium
for nuclear power units [4]. Data on the vapor pressure and
liquid–vapor phase boundaries for lead–bismuth melts at pres-
sures from 1 to 105 Pa are given in the article [5], however, the
composition of the vapor and the partial pressures of its compo-
nents are not deﬁned.
Such experimental researches of metallurgical systems are
complicated by the reaction conditions (high temperatures, difﬁ-
culties of determination of the concentration of components,
etc.). The method of thermodynamic modeling is often used for
the investigation of the metal melt equilibrium vaporization.2. Computational method
The thermodynamic modeling (TM) consists in the thermody-
namic analysis of the equilibrium state of systems in whole (all rights reserved.
+7 343 3751510.complete thermodynamic analysis). Here thermodynamic systems
are conditionally selected material areas which interaction with
environment is reduced to the exchange of heat andwork. The appli-
cation of TM allows to simulate quantitatively and predict composi-
tions and properties of complex heterogeneous, multielement,
multiphase systems in thewide range of temperatures andpressures,
taking into account chemical and phase transformations [6–8].
Calculation methods have been developed on the basis of vari-
ational principles of thermodynamics:
(1) Of all the permissible values of moles of individual sub-
stances in the thermodynamic system, only those that min-
imize the thermodynamic potential of the system,
correspond to equilibrium values.
(2) Of all the permissible values of the energy added by each
independent component (atom), those maximizing the total
contribution of energy of individual atoms to the system,
correspond to equilibrium values.
The components of the system are all possible and existing sub-
stances in different aggregate states, which are formed from the
elements included in the system under study. The substances
which are minimum necessary for forming of this system are called
thermodynamic system components. The number of components
equals the number of substances in the system minus the number
of independent reactions bonding these substances. At TM
compounds with a multiple number of atoms forming them are
considered to be condensed individual substances.
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assumed to be solutions. Condensed phases include compounds
in the solid (crystalline or amorphous) and liquid states. Individual
compounds, which have the same chemical formula, but enter into
different phases, are assumed to be different composite sub-
stances. The components of the gas phase are molecules, radicals,
atoms, ions, and electron gas.
Extensive thermodynamic parameters of the system, i.e. those
proportional to the amount or mass of substance in the system,
are volume V, entropy S, internal energy U, enthalpy H, free energy
F (F = U TS), and Gibbs energy G (G = H TS). Intensive thermody-
namic parameters, i.e. those independent of the quantity or mass
of the system, are pressure P, thermodynamic temperature T, con-
centration, and mole and speciﬁc thermodynamic values.
Two independent parameters out of V, S, U, H, P, T, F and G and
the complete original chemical composition of the system should
be assigned for explicit representation of any thermodynamic sys-
tem. Each pair of the independent parameters deﬁnes a character-
istic function, which is ‘‘the function describing the state of the
thermodynamic system of the corresponding thermodynamic
parameters, whereas this system is characterized by the fact that
all its thermodynamic properties can be expressed explicitly by
this function and its derivatives with respect to the thermody-
namic parameters’’ [9].
The criterion of attainment of the equilibrium state by the sys-
tem is the extremum of its characteristic function. If the parame-
ters P and T are independent, the characteristic function is the
Gibbs free energy G, while the minimum of this energy in the sys-
tem (Gmin) is the criterion for reaching of the equilibrium state.
Taking the parameters U and V, the characteristic function in the
isolated system is the entropy S, while the maximum entropy of
the system, Smax, is the criterion for reaching of the equilibrium
state.
One of the most efﬁcient computation programs is the TERRA
program package, which is the development of the ASTRA 4 soft
[6].
The calculation algorithm in this program package was devel-
oped on the basis of the following assumptions of the mathemati-
cal model:
– The point in question is closed and isolated thermodynamic sys-
tems which boundaries are impermeable to the exchange of
matter, heat and work with the environment.
– Systems in the state of the external and internal thermody-
namic equilibrium (complete or local) are analyzed.
– The system under study is heterogeneous and consists of sev-
eral homogeneous parts (phases) separated by visible
interfaces.
– The gas phase should be necessarily present in the system.
– All the gaseous individual substances (atoms, molecules, atomic
and molecular ions, electron gas) are parts of one gas phase.
– The gas phase is described by the ideal gas law.
– The surface effects at the interface are disregarded; gases do not
dissolve in condensed (liquid and solid) phases; there can be no
condensed substances.
– Condensed substances form single-component immiscible
phases or are parts of ideal condensed solutions.
– The individual substances, which have the same chemical for-
mula, but enter into different phases, are assumed to be differ-
ent components.
– The substances, which have the same chemical formula, but are
in different polymorphous modiﬁcations, the crystalline or
liquid state, are regarded as one component which properties
change abruptly at transformation temperatures.
– The volume of condensed components is negligible.In accordance with the second law of thermodynamics, the
equilibrium of such systems is characterized by the maximum en-
tropy (Smax) relative to thermodynamic degrees of freedom, which
include the concentration of components in an equilibrium
mixture (Mq, mol/kg), the temperature T and the pressure P:
S ¼
XK
i¼1
S0i ðTÞ  Rln
RT
V
ni
 
 ni þ
XeN
c¼1
S0c ðTÞnc
þ
XN
n¼1
XNm
m¼1
S0mðTÞ  Rln nm=nnmð Þ
h i
 nm ) Smax ð1Þ
where ni, nc, nm, S
0
i , S
0
c and S
0
m denote the number of moles and the
standard entropy (at a temperature T and pressure of 105 Pa) in the
gas (i) and condensed (c) phases, and in the solution (m), respec-
tively; K is the quantity of gaseous components in the thermody-
namic system; C is the quantity of condensed components in the
thermodynamic system; N is the quantity of solutions in the ther-
modynamic system; nnm is the quantity of substance moles in the
m-th condensed solution; Nm is the amount of substance in the
m-th condensed solution; V is the speciﬁc volume; R is the universal
gas constant.
The speciﬁc volume V and the internal energy U remain to be
independent variables since the conditions of the system equilib-
rium relative to the environment can be expressed as the
equalities:
dV ¼ 0 and dU ¼ 0 or V ¼ const and U ¼ const:
The following additional restrictions are imposed on the toler-
ance range of variables when the chemical and phase equilibria
are established through achievement of the maximum entropy.
(1) The total internal energy (U) of the system is constant at
equilibrium:
U 
XK
i¼1
Uini 
XeN
~n¼1
Ucnc 
XN
n¼1
XNm
m¼1
Unmnnm ¼ 0 ð2Þ
where Ui, Uc and Unm denote the total internal energy of gaseous,
condensed components, and solution per mole:
U ¼
Z T
T0
CVedT þ Df H0ðT0Þ ð3Þ
here e = i, c, and m.DfH0(T0) is the formation enthalpy at T0; CV is the
heat capacity determined at a constant volume.
(2) Conservation of the mass of all the chemical elements:
Mj þ
XK
i¼1
mjini þ
XC
c¼1
mjcnc þ
XN
n¼1
XNm
m¼1
mjnmnmn ¼ 0 ð4Þ
where Mj is the mole content of the j-th chemical element in the
system; vji, vjc, and vjnm are the numbers of atoms of the j-th ele-
ment in the gaseous and condensed components of the system
and the solution, respectively.
(3) Charge conservation law:XK
i¼1
qeini ¼ 0 ð5Þ
where qei is the degree of ionization of the i-th component (for the
electron gas qei = –1).
(4) The equation of state of a mixture of ideal gases:
pV  RT
XK
i¼1
ni ¼ 0 ð6Þ
where p is the pressure.
30 N. Barbin et al. / Computational Materials Science 66 (2013) 28–33The parameters of the thermodynamic system equilibrium are
determined by solving a mathematical problem of ﬁnding the
extremum, taking into account all the restrictions and using the
Lagrangian function [1]. The calculations are made by the Newton’s
method of successive approximations, which provides a high rate
of convergence of results at the ﬁnal stages of the iterative process.
The TERRA program package offers the following opportunities:
– Assignment of conditions of the equilibrium between the ther-
modynamic system and the environment by any pair of the six
thermodynamic parameters: P (pressure), V (speciﬁc volume), T
(temperature), S (entropy), H (enthalpy), and U (internal
energy).
– Calculation of the equilibrium state of the thermodynamic sys-Fig. 1. Temperature dependences of the partial pressures of the components of the
gas phase in the 40Ar + 30Pb + 30Bi (wt.%) system at 105 Pa.tem of an arbitrary elemental composition.
– Any individual substances can be included as anticipated com-
ponents of the equilibrium composition by altering only input
data.
– Determination of the equilibrium phase composition of the sys-
tem without specifying in advance thermodynamically permis-
sible states.
Thus, to determine the speciﬁc parameters of the system state,
it is necessary to assign its two characteristics (e.g. P and T, V and T,
H and P, etc.), the weight contents of the chemical elements in the
working medium, and a list of individual substances potentially
possible in equilibrium, specifying their thermodynamic functions
– the entropy and the enthalpy.
The TERRA program package can also take into account some
imperfections: to exclude any individual substances from the list
of equilibrium components; to assign (ﬁx) the concentration of
one or several substances with the subsequent calculation of the
equilibrium by the remaining part of the system; to consider
non-ideal condensed solutions by assignment of the excess Gibbs
energy; to take into account the volume occupied by condensed
materials.
The phase composition and the equilibrium characteristics are
calculated using the IVTANTERMO database on properties of indi-
vidual substances. The database is a component of the program
package. The contents of the database are mostly thermodynamic,
thermophysical and thermochemical properties of individual sub-
stances systematized at the Institute of High Temperatures of
RAS [10], the US National Bureau of Standards, published in the
handbook [11], and calculated at Moscow State Technical Univer-
sity, using molecular, calorimetric and spectroscopic data. The
database is open for users and allows spread-out and updating of
the information.
Pb–Bi melts are represented by the model of ideal solutions of
interaction products (model ISIP [12]). Condensed Bi, Pb, PbBi,
Pb3Bi4, Pb3Bi5, Pb3Bi7, and PbBi7 are included into this composition.
The formation of these compounds was conﬁrmed by Lyakishev
[13]. The intermetallic compounds in the lead–bismuth melt are
described by thermodynamic properties and functions of com-
pounds PbxBiy at the melt temperature. The mixing heats (DHmix)
between [Pb], [Bi] and groups [PbxBiy] are accepted to be equal to
zero, and the entropies of mixing (DSmix) are calculated as for ideal
solutions.
At TM the concentration of the intermetallic compounds in the
melt is deﬁned by the equilibrium state of the system, i.e. the pre-
set parameters (for example, P and T) and the original ratio of Pb, Bi
and Ar. Besides, TM also reveals equilibrium concentrations of all
the gaseous components of the system, resulting from a of complex
chemical and phase transformations.
The equilibrium concentrations of the condensed and gaseous
components represent products of all the possible reactions
between [Pb], [Bi] and [PbxBiy] and the gas phase at reaching ofthe global extremum of the thermodynamic potential by the sys-
tem (Smax) [12].
The vapors of Pb, Bi, Pb2, Bi2, Bi3, Bi4, electron gas (e-gas) and
ionized vapors of lead and bismuth are considered to be parts of
the investigated gas phase.
The results of the thermodynamic modeling for Pb and Bi are
similar to experimental data on the vapor pressures for pure lead
and bismuth [14–17].
The liquid–vapor phase diagram for the Pb–Bi system at differ-
ent pressures, obtained by TM using the model of the ideal solution
of interaction products for the metal melt, is close to Volodin’s
experimental data [5]. In the article [5] phase boundaries of the
lead–bismuth metal solution have been deﬁned on the vapors
pressure by the jet method. It is the evidence of adequacy of our
approach to TM.3. Results and discussion
The vapor pressures of the Pb–Bi melts were studied under an
argon atmosphere and in the temperature and concentration inter-
vals for the liquid state on phase diagrams.
The equilibrium state of the Pb + Bi + Ar system at general pres-
sures of 10, 102, 103, 104, 105, 106, 107 Pa and of nine various ori-
ginal compositions of the Pb–Bi alloy within 10–90 wt.% were
simulated in the temperature range of 500–3000 K. The content
of argon in all the systems was constant and it was equal to
40 wt.%.
The gas–vapor phase compositions were deﬁned for each stud-
ied system.
The temperature dependences of the equilibrium partial pres-
sures of the components of the gas phase at the ﬁxed composition
of the 40Ar + 30Pb + 30Bi (wt.%) system are shown in Figs. 1–6.
The basic component of the gas phase over the range of temper-
atures of 500–3000 K is argon. The argon pressure is constant and
does not depend on temperature and the melt composition
(according to the modeling conditions). Other components of the
gas phase are vapors of Pb and Bi, dimers of Pb2 and Bi2, and also
Bi3, Bi4, electron gas and ionized vapors of lead.
The major components after argon are lead and bismuth vapors.
Their partial pressures exceed 10–1 Pa at temperature of 920 K and
102 Pa at 1280 K. The greatest content of these components in the
gas phase (more than 104 Pa) is attained after the temperature of
the full melt evaporation (about 1800–1900 K). The signiﬁcant
Fig. 2. Equilibrium composition of the gas phase in the 40Ar + 30Pb + 30Bi (wt.%)
system at 102 Pa.
Fig. 3. Equilibrium composition of the gas phase in the 40Ar + 30Pb + 30Bi (wt.%)
system at 103 Pa.
Fig. 4. Equilibrium composition of the gas phase in the 40Ar + 30Pb + 30Bi (wt.%)
system at 104 Pa.
Fig. 5. Equilibrium composition of the gas phase in the 40Ar + 30Pb + 30Bi (wt.%)
system at 106 Pa.
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occur any more at temperatures above 1900 K, what is presumably
connected with increase of the role of reactions of the metal vapor
ionization with the formation of electron gas and metal ions
(Fig. 1).
The partial pressure (pi) of the Pb vapors reaches 104 Pa at a
temperature of 1740 K and a pressure of 105 Pa. The partial pres-
sure (pi) of the Bi vapors is 104 Pa at a temperature of 1950 K.
The maximums of the partial pressures of Bi2 and Bi3 are observed
at a temperature of about 1700 K. The maximums of the partial
pressures of Bi4 and Pb2 are ﬁxed at temperatures of 1600 and
1750 K, respectively (Fig. 1).
The increase of the bismuth content in the Pb–Bi system leads
to the growth of the partial pressures of the Bi, Bi2, Bi3, Bi4 vapors
and to the decrease of the partial pressures of the Pb, Pb2, Pb+ va-
pors at a pressure of 105 Pa.
The partial pressures (pi) of the Pb and Bi vapors reach 104 Pa at
temperatures of 1300 and 1450 K, respectively, and at a pressure of102 Pa. The greatest partial pressure (pi) of Bi2 is observed at a tem-
perature of about 1250 K. The maximums of the partial pressures
of Bi4 and Pb2 are ﬁxed at temperatures of 1200 and 1350 K,
respectively (Fig. 2).
The partial pressures (pi) of the Pb and Bi vapors reach 104 Pa at
temperatures of 1450 and 1650 K, respectively, and at a pressure of
102 Pa. The greatest partial pressures of Bi2 and Bi3 are observed at
a temperature of 1400 K. The maximums of the partial pressures
(pi) of Bi4 and Pb2 are ﬁxed at temperatures of 1300 and 1500 K,
respectively (Fig. 3).
The partial pressures of the Pb and Bi vapors reach 103 Pa at
temperatures of 1750 and 1950 K, respectively, and at a pressure
of 104 Pa, and the maximums of the partial pressures of Bi2 and
Bi3 are attained at 1700 K. The greatest partial pressures of Bi4
and Pb2 are ﬁxed at temperatures of 1600 and 1800 K, respec-
tively (Fig. 4).
The partial pressures of the Pb and Bi vapors reach 105 Pa at
temperatures of 2100 and 2400 K, respectively, and at a pressure
Fig. 6. Equilibrium composition of the gas phase in the 40Ar + 30Pb + 30Bi (wt.%)
system at 107 Pa.
Fig. 7. Phase diagrams of the Pb–Bi system (liquid–gas interface) at various
pressures (1–107 Pa, 2–106 Pa, 3–105 Pa, 4–104 Pa, 5–103 Pa, 6–102 Pa, 7–10 Pa, 8–
1 Pa). The dashed lines are the experimental data [5], the solid lines – the
thermodynamic modeling for the ISIP model.
Fig. 8. Effect of the melt model on the form of curves of the phase diagram for the
Pb–Bi system (liquid–gas interface) at 105 Pa.
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pressures are attained at about 2100, 2050, 1900, and 2100 K,
respectively (Fig. 5).
The partial pressures of the Pb and Bi vapors reach 10 Pa at tem-
peratures of 2750 and 3000 K, respectively, and at a pressure of
107 Pa. The maximums of the Bi2, Bi3, Bi4 and Pb2 partial pressures
are attained at about 2700, 2650, 2350 and 2350 K, respectively
(Fig. 6).
The ﬁgures show that the equilibrium pressure increase in the
system leads to the following changes:
(1) Higher equilibrium pressure in the system leads to a signif-
icant increase of the full evaporation temperature of the
melt (the shift reaches from several hundreds to thousands
of Kelvin degrees).
(2) The general pressure increase leads to the wider tempera-
ture interval of the melt evaporation; the equilibrium partial
pressures of the gas components of the system increase
more slowly with temperature rise at high pressures than
at low pressures.
(3) Higher equilibrium pressure leads to a considerable shift of
the temperature interval of achievement of the maximum
equilibrium partial pressures of the Pb2, Bi2, Bi3, Bi4 vapors;
the form of curves with the maximum becomes very wide,
the ascending and descending parts of the curves are consid-
erably stretched on the temperature axis.
(4) At high pressures the values of the equilibrium pressures of
Pb2 and Bi3 greatly increase, and the equilibrium partial
pressures of Bi2 and Bi4 decrease. The pressure rise leads
to the increase of the evaporation temperature of the melt.
The simulated phase diagrams of the liquid–vapor transitions
for the Pb–Bi system under the Ar atmosphere and at various pres-
sures are given in Fig. 7.
The reduction of the value of the equilibrium pressure leads to
thenarrowingof the liquid–vapor coexistence regionon the temper-
ature axis. It is proved by the experimental data of the research [5].
The highest extent of agreement of the carried out calculations
with the data of the work [5] is observed in case of the use of the
ISIP model for the systems with low equilibrium pressure. A small
divergence of results of our calculations with the experimental
data [5] (for the case when P = 105 Pa) is probably explained by
Fig. 9. Fragment of the Pb–Bi phase diagram (liquid–gas interface) for the IS and
ISIP models at 1 Pa.
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experiment. May be for this reason the experimental temperature
of the full evaporation of pure bismuth at atmospheric pressure
has appeared the lowest [5] in comparison with the data of other
researchers [14–17].
The application of the ideal solution model (IS model) instead of
the ISIP model at TM leads to the change of the form of curves of
the melt–vapor phase transition (Fig. 8). The curves of liquid–vapor
phase transitions become more convex by using of the ISIP model.
It indicates that evaporation occurs at higher temperatures, than in
case of using of the IS model (Fig. 8).
The thermodynamic modeling of the liquid–vapor phase transi-
tion for the Pb–Bi melt with application of the ISIP model at pres-
sures of 1, 10, 100 Pa in the region of 1–20 wt.% Bi shows that there
is a maximum (Fig. 9). There is no such maximum at modeling with
the use of the IS model (Fig. 9).4. Conclusion
The ISIP model is applied to the calculation of the composition of
the gas phase, the evaporation temperatures, the partial pressures of
the gas components for the Pb–Bi melt at various pressures. The
diagrams of the liquid–vapor phase equilibria are constructed. The
obtained results can be used for calculations of safety parameters
of heat-transfer heavy metals for nuclear power units.
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